Magma recharge into a differentiated reservoir is one of the main triggering mechanisms for explosive eruptions. Here we describe the petrology of the eruptive products of the last explosive eruption of Tutupaca volcano (southern Peru) in order to constrain the pre-eruptive physical conditions (P-T-X H2O ) of the Tutupaca dacitic reservoir. We demonstrate that prior to the paroxysm, magma in the Tutupaca dacitic reservoir was at low temperature and high viscosity (735 ± 23°C), with a mineral assemblage of plagioclase, low-Al amphibole, biotite, titanite, and Fe-Ti oxides, located at 8.8 ± 1.6 km depth (233 ± 43 MPa). The phenocrysts of the Tutupaca dacites show frequent disequilibrium textures such as reverse zonation, resorption zones, and overgrowth rims. These disequilibrium textures suggest a heating process induced by the recharge of a hotter magma into the dacitic reservoir. As a result, high-Al amphibole and relatively high-Ca plagioclase phenocryst rims and microlites were formed and record high temperatures from just before the eruption (840 ± 45°C). Based on these data, we propose that the recent eruption of Tutupaca was triggered by the recharge of a hotter magma into a highly crystallized dacitic magma reservoir. As a result, the resident dacitic magma was reheated and remobilized by a self-mixing process. These magmatic processes induced an enhanced phase of dome growth that provoked destabilization of the NE flank, producing a debris avalanche and its accompanying pyroclastic density currents.
Introduction
Constraining pre-eruptive magmatic processes is a key step toward understanding the triggering mechanisms of explosive eruptions. Several processes have been invoked as triggers of such events, including as follows: (1) recharge of a differentiated reservoir by primitive magmas followed by magma mixing (e.g. Pinatubo 1991; Pallister et al. 1992) ; (2) selfmixing between magmas with the same composition but different temperatures and volatile contents (e.g. Soufriere Hills, Montserrat 1995 , Couch et al. 2001 Tungurahua 2006 , Samaniego et al. 2011 Ubinas 2006 , Rivera et al. 2014 ; (3) the occurrence of large regional earthquakes (e.g. Puyehue-Cordon Caulle 1960, Lara et al. 2004) ; and (4) the existence of a volatile-saturated magma reservoir (e.g. Galeras 1990 , Stix et al. 1997 Chaitén 2008, Castro and Dingwell 2009; Calbuco 2015 , Castruccio et al. 2016 .
Tutupaca volcano, located in the southern part of the Peruvian volcanic arc (Central Volcanic Zone of the Andes), comprises a dacitic dome complex of Holocene age, which experienced a large explosive eruption in historical times (218 ± 14 aBP; Samaniego et al. 2015) . This eruption was characterized by a sector collapse of the NE flank of the volcano, with the subsequent generation of a debris avalanche and a large sequence of pyroclastic density currents (Samaniego et al. 2015; Valderrama et al. 2016) . The association between Editorial responsibility: J. Fierstein; Deputy Executive Editor: J. Tadeucci Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00445-019-1335-4) contains supplementary material, which is available to authorized users. a debris avalanche and a collapse-triggered explosive eruption has been described in the literature (cf. Belousov et al. 2007 ), most notably for the recent eruptions of Mt. St. Helens in 1980 (Hoblitt et al., 1981) , Bezymianny in 1956 (Belousov 1996) , and Soufrière Hills in 1997 (Voight et al. 2002) . The triggering mechanisms invoked for these eruptions include the presence of a pressurized magma body located at very shallow levels (cryptodome) for the Mt. St. Helens and Bezymianny eruptions, and a reinforced phase of dome growth for Soufrière Hills volcano.
In order to understand the magmatic processes and the triggering mechanism at work before the last Tutupaca eruption, we use the work of Samaniego et al. (2015) and Valderrama et al. (2016) as a foundation for a petrological study of the eruptive products of this eruption, focusing on samples of the pyroclastic density current deposits as well as on the pre-collapse domes. We also investigated some scarce magmatic enclaves found in the younger pre-collapse domes. Based on these data, we constrain the pre-eruptive physical conditions of the magmas (P-T-X H2O ), identify the petrological processes that occurred in the shallow reservoir, and propose a model in which magma recharge and self-mixing in a dacitic reservoir are the triggering mechanisms associated with this eruption.
Geological setting
The Tutupaca volcanic complex (TVC, 17°01′ S, 70°21′ W) is located in the southern part of the Peruvian volcanic arc (Fig. 1a ). It is part of the Central Volcanic Zone of the Andes, which results from subduction of the Nazca Plate beneath the South American lithosphere. The TVC is constructed on top of a Mio-Pliocene plateau formed of ignimbritic and volcano-sedimentary deposits (Fidel and Zavala 2001; Thouret et al. 2007; Mamani et al. 2010) . It is composed of a basal, lava-dominated, hydrothermally altered, and glaciated edifice, as well as two younger cones here called the Western and Eastern edifices, located to the north of the complex (Samaniego et al. 2015) . Structural development of the volcanic complex is controlled by regional normal faults with a sinistral component and a roughly N 140°direction that have been mapped around Suches Lake ( Fig. 1b ; Mariño et al. 2019) . These structures are roughly parallel to the Incapuquio fault system, which is located in a forearc setting (Benavente et al. 2017) .
Eastern Tutupaca (5815 m above sea level) is the youngest edifice of the complex and is constructed on top of the hydrothermally altered basal Tutupaca edifice (Mariño et al. 2019) . It is composed of at least seven coalescent domes of dacitic composition (64-66 wt% SiO 2 ) that are not affected by Pleistocene glaciations, suggesting a Holocene age (domes I to VII, Figs. 1b and 2a ). The youngest dome (dome VII) contains scarce mafic enclaves (only 5 small enclave samples were collected during our fieldwork). The most conspicuous characteristic of this edifice is a 1-km-wide horseshoe-shaped amphitheatre open to the NE. Eastern Tutupaca was affected by at least two sector collapses, whose deposits were dispersed in different directions: the older deposit was channelized through the basal Tutupaca glacial valleys located to the E and SE of the volcano, whereas the younger deposit crops out immediately to the NE of the amphitheatre (Samaniego et al. 2015; Mariño et al. 2019) . A large explosive eruption of Tutupaca was radiocarbon dated at 218 ± 14 aBP (Samaniego et al. 2015) . This age is corroborated by historical accounts describing a sustained explosive activity in the period between CE 1787 and 1802 (Zamàcola y Jaúregui, 1804; Valdivia 1847) . This eruption was characterized by a sector collapse that triggered a debris avalanche and an associated explosive eruption ( Fig. 1b ) whose deposits spread out into the Paipatja plain to the NE of the complex (Samaniego et al. 2015; Valderrama et al. 2016) . These authors described the following deposits for the historical eruptions of Tutupaca: (1) a sequence of preavalanche block-and-ash flows exposed in the Zuripujo valley to the east of the Eastern Tutupaca summit (the Z-PDC deposits, Fig. 1b); (2) a debris avalanche (DA) deposit with two main units of different compositions and dynamic behaviours, which is well exposed toward the NE of the complex; and (3) a pyroclastic density current deposit, interlayered with the DA deposit, and covering the Paipatja plain to the NE of the volcano (the P-PDC deposit, Figs. 1b and 2a ).
Sampling and analytical methods
Based on the studies of Samaniego et al. (2015) and Valderrama et al. (2016) , we focus here on the historical volcanic products of the Eastern Tutupaca edifice. Two samples with contrasting textures, including a pumiceous bomb from the P-PDC (TU-12-06A) and a dense block from a preavalanche dome (TU-12-42), were used for modal analyses. We used high-resolution (1200 dpi) images of thin sections scanned between two polarized sheets and the Adobe Photoshop ® software to do the image analysis, following the procedure described by Zhang et al. (2014) . A different shade of grey was attributed to each mineral (plagioclase, amphibole, biotite, titanite, clinopyroxene, quartz, and Fe-Ti oxides), and these were distinguished from the matrix and the vesicles. We calculated the number of pixels for each mineral, as well as the total number of pixels in the image, to obtain the 2D modal percentages. Following Zhang et al. (2014) , this method yields low (± 3%) discrepancies with respect to 3D estimates.
Major and trace-element whole-rock analyses (Table 1) were obtained from agate-crushed powders of 37 samples at the Laboratoire Géosciences Océan, Université de Bretagne Occidentale (Brest, France) using an inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and following the analytical procedure described by Cotten et al. (1995) . These samples correspond to the Eastern Tutupaca units (e.g. P-PDC, DA, Old DA, Z-PDC, RD, see Table 1 for location). Relative standard deviation (2 sigma) is ≤ 1% for SiO 2 , ≤ 2% for the other major elements, and ≤ 5% for trace elements. Major element compositions of minerals and glasses (Tables 2, 3 , 4, 5, and 6) were obtained at the Laboratoire Magmas et Volcans, Université Clermont Auvergne (Clermont-Ferrand, France), using a CAMECA SX-100 electron microprobe. Additional information concerning the analytical methods is included in the Supplementary material 1. Trace element compositions for selected phenocrysts (Supplementary material 2) were obtained by Laser-Ablation-ICP-MS analyses, using a 193-nm Resonetics M-50E excimer laser coupled to an Agilent 7500cs ICP-MS. This technique uses calcium as an internal standard and measurements were calibrated relative to the NIST-612 glass. Standards NIST-612 and BCR were also measured to check the reliability of the results. The typical analytical error for most trace elements is < 10%.
Water content in melt inclusions (Table 6 ) was determined at the Laboratoire Magmas et Volcans using a Renishaw InVia confocal microspectrometer equipped with a 532-nm diode laser (200-mW output power), a Peltier-cooled CCD detector, a motorized XYZ stage, and a Leica DM2500 M optical microscope. We used an external calibration procedure and a set Samaniego et al. 2015) . P-PDC, Paipatja pyroclastic density currents deposits; DA, debris avalanche deposits; Z-PDC, Zuripujo pyroclastic density currents deposits; RD, Recent domes. Regional faults come from Mariño et al. (2019) of hydrous glass standards (see Schiavi et al. 2018 for details about the method). Standard glasses were analyzed at the same conditions as the samples. Under these analytical conditions, the precision, calculated from repeated standard measurements (relative uncertainty), is usually better than 6%.
Petrological data

Petrography
The dome rocks, the juvenile blocks of the DA deposits, and the dense blocks of the P-PDC deposits ( Fig. 3a-f ) are dark grey, porphyritic (~35 vol.% phenocrysts), partially vesiculated (~5 vol.%) dacites with phenocrysts of plagioclase (15-20 vol.%), amphibole (10-15 vol.%), biotite (3-5 vol.%), clinopyroxene (2-3 vol.%), and Fe-Ti oxides (1-3 vol.%), and with titanite, apatite, and quartz as accessory phases (< 1 vol.%). The matrix is composed of interstitial glass, with abundant microlites (< 100 μm) of plagioclase, amphibole, and Fe-Ti oxides. The P-PDC deposits also contain breadcrust-type bombs ( Fig. 2c, d ) that are light grey and vesiculated (~15 vol.%) and have porphyritic textures (1 5-20 vol.% phenocrysts) and an identical mineral assemblage to the dense blocks. The scarce mafic magmatic enclaves are fine-grained and rounded (2-10 cm in diameter), with a quench-textured groundmass constituted of randomly oriented, interlocking, elongate, or acicular crystals (Fig. 3g ). The main phases are tabular plagioclase (150 to 600 μm), acicular amphibole (100 to 350 μm) and biotite (100 to 250 μm), and scarce Fe-Ti oxides (100-150 μm) in a mostly glassy, vesicular matrix. Also present in the enclaves are some large plagioclase phenocrysts with sieve textures and subhedral amphiboles (up to 1-2 mm), probably derived from the host dacite. In addition, a silicic enclave (50 × 30 cm in diameter) was sampled in a block from the older debris avalanche deposit of Eastern Tutupaca. This enclave has a microgranular texture ( Fig. 3h ) and is composed of euhedral-to subhedral-zoned plagioclase (40-45 vol.%) with amphibole inclusions, subhedral quartz (5-7 vol.%) with resorption rims, amphibole (3 vol.%) with reaction rims, Fe-Ti oxides (1-2 vol.%), and biotite and titanite (< 1 vol.%). This enclave has a glassy matrix with abundant microlites of plagioclase, amphibole, and Fe-Ti oxides.
Whole-rock major and trace elements
The Holocene Tutupaca eruptive products are high-K calcalkaline dacites ( Fig. 4 and Table 1 ) according to the classification of Peccerillo and Taylor (1976) . All samples from the Eastern Tutupaca domes show very restricted dacitic compositions (64.4-66.1 wt% SiO 2 , normalized on an anhydrous basis). Dense juvenile blocks included in the DA and the P-PDC deposits have similar chemical characteristics (64.5-65.9 wt% SiO 2 ). In contrast, the bombs of the P-PDC deposits, especially the scarce pumiceous samples (67-68 wt% SiO 2 ), and the silicic enclave (68 wt% SiO 2 ) have slightly higher silica contents. The fine-grained enclaves are of basalticandesitic or andesitic compositions (53.0-57.9 wt% SiO 2 ). No Comparisons between the younger (Eastern) and the older (Western and Basal Tutupaca) edifices of the Tutupaca complex show that, for most major elements, Eastern Tutupaca samples lie on the trend defined by the Basal and Western Tutupaca edifices (Fig. 4 ). This trend is characterized by a progressive decrease in major elements with silica increase, except for K 2 O that display a positive correlation with silica. Similarly, the overall Tutupaca magmatic trend is characterized by negative correlations of Sr, some transition metals (e.g. V), the middle rare-earth elements (MREE, e.g. Dy), and the heavy rare-earth elements (HREE, e.g. Yb) with silica content. In contrast, the large-ion lithophile elements (LILE, e.g. Th) are positively correlated with silica content (Fig. 4 ), whereas some scattering is observed for the light rare-earth elements (LREE, e.g. La, Nd) and the high field strength elements (HFSE, e.g. Zr, Nb, not shown). The most striking characteristic of Eastern Tutupaca eruptive products, however, is a slight enrichment in LREE (e.g. La) and Sr and a notable depletion in the MREE (e.g. Dy) and HREE (e.g. Yb), which results in high La/Yb ratios (41-83) and Dy/Yb ratios (2.5-3.4) for the Eastern Tutupaca samples as compared with those for the whole Tutupaca volcanic complex (Fig. 4) . Lastly, the mafic enclaves represent the most primitive compositions of this volcanic complex, and extend the Tutupaca magmatic trend towards low-silica concentrations.
Mineral textures and chemistry
Plagioclase is the most abundant mineral in Tutupaca dacites (15-20 vol.%) and appears as euhedral and subhedral phenocrysts and microlites. Phenocrysts have a wide range of compositions from An 24 to An 61 , while microlites have more restricted compositions from An 32 to An 52 . Two different groups of plagioclase phenocrysts are identified on the basis of textural characteristics: (1) a dominant first group (10-15 vol.%), which includes euhedral and subhedral phenocrysts with normal zoning (e.g. An 45 → 22 ) and no evidence of disequilibrium (Fig. 3a) ; and (2) a subordinate group (5-10 vol.%), which includes subhedral plagioclase with concentric resorption zones and/or overgrowth rims 10 to 35 μm thick with An-rich compositions (An 42 to An 61 ) and higher values of FeO* (0.4 to 0.7 wt%, Fig. 3b ), phenocrysts with sieve textures, and oscillatory (e.g. An 26 → 35 → 51 → 30 ) or reverse (e.g. An 26 → 55 ) zoning patterns (Fig. 5a, b and Table 2) .
Amphibole is the second most abundant mineral phase in Tutupaca dacites (5-10 vol.%). According to the classification scheme of Leake et al. (1997) , amphibole phenocrysts from the P-PDC, the lava domes, and the enclaves include magnesiohornblende, tschermakite, magnesio-hastingsite, and some scarce edenite compositions, whereas microlites from P-PDC samples are largely magnesio-hastingsite. Amphibole phenocrysts are commonly fresh (unaltered) and euhedral, although a small subset (see below) has oxidized cores and rims, and Figs. 3d and 5e , f) and displaying a sharp increase in Mg# from core to rim (from 50 to 70; Fig. 5f and Table 3 ). Included in this group are amphibole microlites with high-Al compositions, similar to those of the phenocryst overgrowth rims. The third group corresponds to amphibole from the fine-grained mafic magmatic enclaves (Fig. 3g) , which have high-Al compositions and normal Mg# zoning (e.g. Mg# 68 → 62).
Biotite appears as euhedral and subhedral phenocrysts (3 vol.%, up to 2 mm in diameter) as well as inclusions in plagioclase and amphibole phenocrysts. Some phenocrysts display a variation in FeO* (e.g. 15-19 wt%; Table 4 ) and MgO (e.g. 12-17 wt%). Some P-PDC biotites are oxidized, although the degree of oxidation varies from severe to mild from one crystal to another.
Clinopyroxene (3 vol.%) is present as subhedral to euhedral phenocrysts (Fig. 3e, 100-300 μm) , as well as microlites (10-50 μm). It is also observed as a reaction product of amphibole breakdown. Following the classification scheme of Morimoto et al. (1988) , clinopyroxene phenocrysts are augites with largely uniform Wo 41-44 En 41-45 Fe 12-16 compositions ( Table 5 ) and commonly show slight reverse zoning with higher Mg# rims (70 → 80).
Titanite is an accessory phase (< 1 vol.%) that appears as brown, zoned microphenocrysts and phenocrysts (Fig. 3b , 200-800 μm) with euhedral, rhombic habits. Titanite phenocrysts contain abundant inclusions of Fe-Ti oxides, while some titanite crystals also have reaction rims composed of Fe-Ti oxides. They display reverse (e.g. 1.3 → 1.8 wt% FeO*; Table 5 ) and oscillatory (e.g. 1.3 → 1.8 → 1.4 wt% FeO*) zoning. Titanite does not appear in the mafic enclaves.
Fe-Ti oxides (1-2 vol.%) are present as subhedral microphenocryst and microlites (< 100 μm) dispersed in the groundmass and as inclusions in some phenocrysts like plagioclase, amphibole, and titanite. Two types of oxides have been identified. Titanomagnetite displays TiO 2 concentrations ranging between 3.8 and 11.4 wt%, and ilmenite shows TiO 2 values of 34.1-50.6 wt%.
Trace elements in minerals
Trace element concentrations were measured in selected plagioclase, amphibole, titanite, biotite (not shown), and clinopyroxene phenocrysts from P-PDC and DA samples ( Fig. 6 and Supplementary material 2). The selected plagioclases correspond to the previously defined first group and exhibit a LREEenriched spectrum with a positive Eu anomaly and low concentrations of MREE and HREE. The compositional spectra for clinopyroxene are uniform and concave, showing high concentrations of MREE compared with LREE and HREE, and no Eu anomaly. Concerning amphibole, the high-Al phenocrysts display very homogeneous, REE fractionated, concave spectra with a small negative Eu anomaly, whereas the low-Al amphiboles display a wide REE variability, with LREE-enriched, HREEdepleted spectra and a strong negative Eu anomaly. Lastly, titanite analyses exhibit REE-fractionated spectra, characterized by extremely high values of all REE, and a slight negative Eu anomaly. In addition, for the plagioclase and amphibole phenocrysts, the core compositions display lower REE values than those of the rims (Fig. 6 ). It should be noted that the low-Al amphibole and to a lesser extent high-Al amphibole and titanite exhibit negative Eu anomalies, which indicates the 
Chemical composition of interstitial glass and melt inclusions
Interstitial matrix glasses (MG) ( Table 6 ) from recent dacitic samples display rhyolitic compositions (70-78 wt% SiO 2 ; Fig. 7) with an average value of 74.4 ± 2.3 wt% SiO 2 (n = 21, n being the number of analyses) for P-PDC, and 73.8 ± 2.8 wt% SiO 2 (n = 2) for recent domes and debris avalanche blocks. When plotted on Harker diagrams, MG compositions show a wide scattering for some major elements (K 2 O, Al 2 O 3 , CaO; Fig. 7 ) but they form an extension to the whole-rock data toward silica-rich compositions. These glass compositions are enriched in K 2 O (3.3-6.4 wt%; Fig. 7 ) compared with whole rocks, and they show low concentrations of Al 2 O 3 (9.9-17.1 wt%), FeO* (0.7-1.6 wt%), CaO (0.2-3.4 wt%), and MgO (0.0-0.7 wt%). These features suggest that scattering probably results from the presence of tiny (a few μm) plagioclase microlites on the analyzed spot. Plagioclase-and amphibole-hosted melt inclusions (MI) display much more uniform values (74-78 wt% SiO 2 ), and they also plot at the high-silica end of the whole- Fig. 3 (a rock magmatic trend. Water contents measured by Raman spectroscopy in plagioclase-hosted MI range between 1.5 and 2.5 (2.1 ± 0.3; n = 11) wt%, whereas amphibole-hosted MI display slightly higher values, ranging from 1.5 to 3.7 (2.5 ± 0.8; n = 9) wt% H 2 O.
Pre-eruptive P-T-X H2O conditions
Experimental constraints
Pre-eruptive physical conditions (P-T-X H2O ) can be constrained by comparison of the mineral assemblage Fig. 4 Major (a-d) and trace element concentrations (e-j) and ratios (k-l) for eruptive products of the recent (Eastern) Tutupaca, plotted versus SiO 2 as a differentiation index. Subdivision in K 2 O versus SiO 2 diagram is from Peccerillo and Taylor (1976 (Rutherford and Devine 1988) , Pinatubo (Prouteau and Scaillet 2003) , and Unzen (Holtz et al. 2005 ) have a similar major element composition to those of Tutupaca. Amphibole crystallization in these dacitic magmas places strong constraints in terms of P-T-X H2O . Amphibole is stable at < 900°C, 160-300 MPa, and a water content of between 4 and 6 wt% (Scaillet and Evans 1999; Prouteau and Scaillet 2003; Holtz et al. 2005) . Biotite is stable at lower temperatures (775-800°C) and pressures (100-200 MPa), while the water content can range between 5 and 7 wt% (Holtz et al. 2005; Castro and Dingwell 2009) . The presence of titanite in dacitic magmas also provides additional constraints about the crystallization conditions. An experimental work on the Fish Canyon Tuff dacite (Hayden et al. 2008) shows that titanite crystallized at 745-780°C and at a pressure of between 100 and 300 MPa. Based on these experimental data, we suggest that Tutupaca dacitic magmas should have equilibrated at 750-800°C and 100-300 MPa and should contain at least 4-6 wt% water. We should stress that these are first-order estimates. Taking advantage of the ubiquitous presence of amphibole on Tutupaca samples, we applied several amphibole-based thermobarometers in order to better constrain the P-T-X H2O conditions of Tutupaca dacites.
Amphibole stoichiometry
Amphibole compositions in calc-alkaline rocks are controlled by different substitutions that are function of pressure, temperature, and melt composition (Poli and Schmidt 1992; Bachmann and Dungan 2002; de Angelis et al. 2013) . The main exchange mechanisms are as follows: (1) . The Tschermak substitution is correlated with crystallization pressure, whereas the Ti-Tschermak and edenite substitutions are mostly sensitive to temperature variations (Blundy and Holland 1990; Poli and Schmidt 1992; Holland and Blundy 1994) .
Tutupaca amphiboles plot in two different groups defined by their IV Al, Si, and Na + K contents, whereas VI Al and Mg# are almost constant (Fig. 8) . The difference between the two groups corresponds to an edenite substitution, implying a 
Temperature
The paragenesis of Tutupaca dacites is suitable for temperature estimates using amphibole-plagioclase geothermometry (Blundy and Holland 1990) . The edenite-richterite and edenite-tremolite formulations of Holland and Blundy (1994) apply to silica-undersaturated (quartz-free) and silicasaturated assemblages, respectively. Although the Tutupaca dacites (and the silicic enclave) do contain scarce anhedral to subhedral quartz crystals (Fig. 3f) , their rounded shapes and corrosion gulfs suggest these crystals might not be at equilibrium with the rest of the paragenesis. We thus applied the quartz-free edenite-richterite formulation to amphiboleplagioclase pairs that demonstrate textural evidence of equilibrium, including touching euhedral crystals, or inclusions of amphibole in plagioclase phenocrysts. In addition, because this thermometer is not very sensitive to pressure changes, we fixed the equilibrium pressure to 250 MPa (see below). Different temperature estimates were obtained from low-Al amphiboles (phenocryst cores) and high-Al amphiboles (overgrowth rims of phenocrysts and microlites). Low-Al amphibole-plagioclase pairs yield temperatures in the range of 703 to 797°C (mean value of 735 ± 23°C, n = 20), whereas rather higher temperatures of 789 to 921°C (835 ± 41°C, n = 20) were obtained for high-Al amphibole-plagioclase pairs. In addition, amphibole-plagioclase pairs from the mafic enclaves also yield high temperatures (791-921°C, 840 ± 45°C, n = 11), consistent with values obtained from high-Al amphibole rims and microlites. Variations in IV Al versus temperature (T) in both amphibole groups (Fig. 9a) show similar relationships between the calculated T and the Mg# (Fig. 9b) , with the higher temperatures corresponding to those amphiboles that have both higher Al content and Mg#. This behaviour has been previously described for amphibole phenocrysts from Soufrière Hills volcano by Rutherford and Devine (2003) .
Temperatures estimated using amphibole and plagioclase were corroborated with the Zr-in-titanite thermometer (Hayden et al. 2008) , which was calibrated for magmatic titanite in equilibrium with zircon, quartz, and rutile. The Zr content in titanite is strongly dependent on the temperature and magma composition. We consider that the interstitial melt in Tutupaca dacitic magma is close to SiO 2 and TiO 2 saturation (70-78 wt% SiO 2 and up to SiO 2 diagram is from Peccerillo and Taylor (1976) . The same symbols and fields as in Fig. 4 . Note that MG and MI data roughly fall in the highsilica extension of the whole-rock Tutupaca magmatic series 0.52 wt% TiO 2 ), and thus, its TiO 2 and SiO 2 activities are almost 1. Zr concentrations of titanite measured by LA-ICP-MS for two phenocrysts range from 488 to 588 ppm and yield temperatures around 747 ± 4°C (n = 4). This is similar to the temperatures calculated for the low-Al amphiboles (735 ± 23°C).
In summary, amphiboles that record the highest temperatures display high-Al compositions and correspond to the overgrowth rims of phenocrysts or the microlites in dome rocks and the P-PDC products, as well as the amphiboles from the fine-grained mafic enclaves. In contrast, phenocrysts with low-Al compositions show globally lower temperatures and correspond to the phenocryst cores from the lava domes and the P-PDC, as well as amphiboles in the silicic enclave. Thus, the aluminium reverse zoning patterns described in amphiboles from the second group (Fig. 5e, f) indicate an increase in temperature. These results confirm the existence of two different parageneses in Tutupaca magmas: (1) a dominant lowtemperature paragenesis (735 ± 23°C), represented by the phenocryst cores of the dacites and the silicic enclave (low-Al amphibole + plagioclase + biotite + titanite + Fe-Ti oxides ± quartz); and (2) a high-temperature paragenesis (840 ± 45°C), represent- 
Pressure
The Al-in-hornblende geobarometer has been calibrated experimentally by several authors (i.e. Johnson and Rutherford 1989; Schmidt 1992; Mutch et al. 2016) and is widely used to estimate the crystallization pressure of calc-alkaline magmas. This formulation postulates that the Al content (Al total ) of amphibole is controlled by total pressure when buffered by a mineral assemblage composed of plagioclase, biotite, quartz, sanidine, titanite, and Fe-Ti oxides. Al total , however, is also sensitive to changes in temperature (edenite and Ti-Tschermak substitutions) (Poli et Schmidt 1992; Anderson et Smith 1995; Bachmann et Dungan 2002) ; therefore, Al-inhornblende barometers can only be used within the specific temperature range at which they have been calibrated. Recently, Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) proposed new calibrations to estimate temperature, pressure, fO 2 , melt H 2 O, and melt major oxide compositions from amphiboles crystallized over a large compositional range (from basalts to dacites). This model, however, does not take into account the influence of temperature on Al total , and its validity has been challenged (e.g. Erdmann et al. 2014; Kiss et al. 2014; Shane and Smith 2013) . Improved calibrations either take into account the influence of temperature on Al total (Anderson and Smith 1995) or separate the influence of temperature and pressure by using only VI Al for geobarometry against An (mol.%) for plagioclase. The same symbols as in Fig. 8 . Fields for Soufrière Hills (Humphreys et al. 2009 ) and Misti-Andahua volcanoes (Ruprecht and Wörner 2007; Tepley et al. 2013 ) are shown for comparison. We observe a rough positive trend in FeO* versus An, whereas some scattering is observed in MgO versus An. Note that Tutupaca plagioclases display a limited chemical variation as compared with other well-studied volcanic systems plotted here (Médard et al. 2013; Médard and Le Pennec 2019, submitted) . The low-temperature (735 ± 23°C) paragenesis observed in the phenocryst cores of the Tutupaca dacites and in the silicic enclave fits the requirements for use of the traditional Al-in-hornblende calibrations. Using 127 amphibole analyses from the P-PDC deposit and the youngest domes gives pressure estimates of 246 ± 27 MPa with the best-suited barometer (Mutch et al. 2016, calibrated at~733°C) . The calibrations of Anderson and Smith (1995) and Médard and Le Pennec (2019) give identical results and are all consistent within errors (Table 7) . Pressure estimates for the silicic enclave are within error of those for the Tutupaca dacites (Table 7) .
Pressure estimates for the high-temperature (840 ± 45°C) phase assemblage are more difficult to compute, because the equilibrium paragenesis used for Al-in-hornblende geobarometry is not present. Based on 72 high-Al amphibole compositions from the Paipatja pyroclastic density currents and the youngest domes, the temperature-corrected calibration of Anderson and Smith (1995) and the temperatureindependent calibration of Médard and Le Pennec (2019) give pressure estimates within error of those for the lowtemperature mineral assemblage. The calibration of Ridolfi and Renzulli (2012) specifically excluded low-temperature data (< 800°C), so it cannot be used for the low-temperature amphiboles. Although it should be used with caution due to temperature effects on Al-in-amphibole barometer, results for high-temperature amphiboles are in agreement with other barometers (Table 7 ).
In the absence of a better barometer for the mafic enclaves (neither the calibration of Anderson and Smith (1995) nor those of Médard and Le Pennec (2019) have been calibrated for andesitic compositions), the calibration of Ridolfi and Renzulli (2012) gives pressure estimates of 254 ± 59 MPa, within error of estimates made from the low-temperature paragenesis. All these measurements are consistent with a single depth of magma storage below Tutupaca volcano prior to the latest eruption. The most accurate determinations are those made on the low-Al amphiboles, because of the betterconstrained calibration for low-temperature, low-variance mineral assemblages. The average pressure from all three calibrations used on low-Al amphiboles is 233 ± 43 MPa. Assuming lithostatic conditions and considering an upper crust bulk density of 2700 kg/m 3 (Kono et al. 1989) , the depth of the magma storage region under Tutupaca is calculated between 7 and 11 km (8.8 ± 1.6 km). Lange et al. (2009) proposed a hygrometer based on the plagioclase-melt exchange reaction between the anorthite and albite components. More recently, Waters and Lange (2015) recalibrated this hygrometer for a temperature range of 750 to 1244°C, and pressures of up to 350 MPa with a standard error of 0.35 wt% H 2 O. Using our temperature estimates obtained from the amphibole-plagioclase thermometer, we applied this formulation to 18 matrix glass-plagioclase rim pairs from Tutupaca dacites (RD, DA, and P-PDC), which Fig. 11 Schematic conceptualization of the magmatic plumbing system below Tutupaca (a), before and (b) after hot and/or mafic magma recharge into the base of the dacitic reservoir. Magma recharge triggers a thermal or "self-mixing" process that results in heating-induced convection of the magma reservoir without physical mixing between the mafic magma and the pre-existing dacitic magma. "Self-mixing" is the repercussion on the silicic magma of the close and sudden contact with hotter and more mafic magma. The orange colour of the reservoir represents the magma before recharge; the red colour represents the recharged magma, and the brown colour represents the magma after the recharge event yielded water contents between 3.7 and 6.4 wt%. Applying the same method to 11 melt inclusions in plagioclase phenocrysts from P-PDC (sample TU-12-77C) yielded similar results (3.5-4 wt% H 2 O). Water contents measured by Raman spectroscopy in selected plagioclase-hosted melt inclusions are noticeably lower than those estimated by the Waters and Lange's (2013) hygrometer. We suggest these relatively low water contents can be explained by post-entrapment water loss due to rapid diffusion and re-equilibration into the gas bubble or the host crystal during magma ascent (Chen et al. 2011; Gaetani et al. 2012; Lloyd et al. 2012) . For this reason, the measured water content in MI is considered minimum values.
Water content
In summary, we conclude that the pre-eruptive water content for Tutupaca dacite was at least 4 and probably 6 wt%, in good agreement with experimental phase equilibrium for dacitic systems.
Pre-eruptive magmatic processes
Origin of the dacitic magma reservoir
Based on the geochemical and mineralogical characteristics of Tutupaca eruptive products, we can reconstruct the magmatic processes that produced the dacitic magmas. The decrease in CaO, Al 2 O 3 (Fig. 4) , and Na 2 O contents with increasing SiO 2 suggests progressive crystallization of plagioclase, whereas the decrease in TiO 2 , Fe 2 O 3 *, and P 2 O 5 with differentiation suggests fractionation of titanite, titanomagnetite, and apatite. Trace element systematics also provides some key constraints on the differentiation process. A decrease in Sr, Eu, and Yb suggests a significant role of plagioclase and amphibole crystallization, while the negative trends for Ni, Sc, and V are attributed to fractionation of clinopyroxene. Thus, the dacitic Tutupaca magma was generated by a fractional crystallization process involving plagioclase, amphibole, and biotite with minor amounts of clinopyroxene, titanite, apatite, and Fe-Ti oxides. Although a more detailed investigation of the evolution of the Tutupaca magmas would be interesting, it is beyond the scope of this paper. We do note, however, some striking differences between the older Basal and Western Tutupaca and the younger Eastern Tutupaca dacites (Fig. 4) . The recent Eastern Tutupaca samples display high La/Yb and Dy/Yb ratios that cannot be explained by an upper crustal fractional crystallization process. The only mineral able to produce such a REE fractionation is garnet, which is stable only at very high pressures, probably at the base of the Andean arc crust (cf. Mamani et al. 2010 ). In addition to this fractional crystallization sequence, crustal assimilation took place during ascent of the magmas through the thick Central Andean crust of the Peruvian arc (cf. Mamani et al. 2010; Samaniego et al. 2016; Rivera et al. 2017) .
temperature, degree of oxidation, and water content of the coexisting magma (Bindeman et al. 1998; Ginibre et al. 2002) . However, the predicted effects of these parameters on plagioclase FeO* content are null or relatively small (Ruprecht and Wörner 2007; Humphreys et al. 2009; Hattori and Sato 1996) . Thus, an increase of FeO* correlated with An contents reflects a change in the host magma composition. This change can be a consequence of physical mixing between a differentiated and a mafic magma. On the contrary, a mostly flat trend, characterized by a change in the An content without a FeO* increase, mostly reflects a thermal or self-mixing process. We should stress that these are non-exclusive processes, because the heat source for self-mixing is often associated with a recharge event (Couch et al. 2001 ). In addition, heating may dissolve mafic phenocrysts and change the composition of the interstitial melt, thus potentially resulting in changes in plagioclase compositions. As we see in the following paragraph, magmatic systems display intermediate situations in which both physical (compositional) and thermal (self-) mixing occur.
In Tutupaca dacites, we observe a rough positive trend between An and FeO* in plagioclase with a quite limited chemical variation (An 25-60 and 0.1-0.6 wt% FeO*; Fig.  10 ). This pattern differs from those observed at other wellstudied magmatic systems such as Pinatubo (Hattori and Sato 1996) , Quizapu , Misti-Andahua (Ruprecht and Wörner 2007; Tepley et al. 2013) , Soufrière Hills (Humphreys et al. 2009 ), and Tungurahua (Samaniego et al. 2011) . For example, plagioclase compositions for the Misti-Andahua and Soufriere Hills volcanic systems show a larger chemical variation (An 25-90 and 0.1-1.2 wt% FeO*) and a complex behaviour, with a rough An-FeO* positive correlation below An 60 and a double trend above An 60 (increase in An at almost constant FeO*, and high FeO* at almost constant An; Fig. 10 ). We thus suggest that Tutupaca plagioclases record a limited physical mixing process compared with other systems, whereas self-mixing is the dominant process, as evidenced by the scarcity of mafic enclaves.
Time constraints
Geochronological data reported by Samaniego et al. (2015) show identical ages for the pre-avalanche (i.e. Z-PDC) and the syn-avalanche pyroclastic events (i.e. P-PDC). This suggests that the time between these two eruptions is too small to be resolved by radiocarbon dating, arguing for a time frame of some years to a few decades. In order to confirm this hypothesis, we investigated the sharp core-to-rim transitions observed in plagioclase and amphibole phenocrysts (Fig. 5b, f) . These transitions indicate that little diffusion happened between the crystallization of the rim and the eruption. To better constrain this timing, we modelled Mg diffusion at the interface between the core and the rim of a selected crystal, whose major elements' composition and core-rim transition are representative of the group 2 plagioclases. A simple model of diffusion in an infinite slab, starting with a step function (Lasaga 1998) , diffusion coefficients from Van Orman et al. (2014) , an average An content of 60%, and a temperature of 835°C, produced modelled diffusion times of 1 year (corresponding figure in Supplementary material 3), with acceptable values between a few months and 10 years. The same calculation done for K, using the diffusion coefficients of Giletti and Shanahan (1997) , also requires diffusion times shorter than 10 years, with a best fit for a diffusion time of 1 year. We propose that after injection of new magma into the base of the reservoir, the resident magma gets heated by about 100°C and then starts cooling and recrystallizing. The modelled time scales represent the time between the beginning of the recrystallization of the magma and its emplacement at the surface, and thus provide a maximum value for the duration of the eruptive phase. Although there are large uncertainties on the measurements and models, these data would indicate that the entire eruptive phase lasted at most 10-20 years, and more likely a few years.
Triggering mechanism of the eruption
The recharge of a hot magma in a differentiated reservoir is a recurrent process in many volcanoes around the world, such as Soufriere Hills (Murphy et al. 2000; Couch et al. 2001; Rutherford and Devine 2003) , Unzen (Holtz et al. 2005) , Quizapu (Ruprecht and Bachmann 2010), Tungurahua (Samaniego et al. 2011 , Andujar et al. 2017 , and Ubinas (Rivera et al. 2014 ). This process produces reheating of the "resident" magma, generating volatile exsolution and a subsequent pressurization of the magma reservoir (Murphy et al. 2000; Rubin et al. 2017 ). In addition, hot magma recharge decreases the viscosity of a differentiated magma, enabling remobilization and convection in the reservoir and triggering explosive (i.e. Soufriere Hills; Murphy et al. 2000; Couch et al. 2001) or effusive eruptions (i.e. Quizapu; Ruprecht and Bachmann 2010) . At Tutupaca volcano, the dacitic reservoir is located at 7-11 km depth (233 ± 43 MPa), at an initial temperature of 735 ± 23°C, with a water content of at least 4-6 wt%. The presence of reverse zoning and overgrowth rims in plagioclase and amphibole suggests that these disequilibrium textures were produced by an increase in temperature of the magmatic system. This change in temperature was due to intrusion of a hotter magma (Fig. 11 ) that is represented by the scarce fine-grained mafic enclaves, which yield the highest estimated temperatures (840 ± 45°C). Following the magma intrusion at the base of the dacitic reservoir, magma viscosity decreased and strong convection began, enhancing magma ascent and degassing, which could explain the lower water content measured in melt inclusions (< 4 wt%). Due to the viscosity decrease and degassing, the highly crystallized dacitic magma became susceptible to eruption, magma ascent increased, and as a result, an enhanced dome-forming eruption begun, which was responsible for the development of the pre-avalanche dome complex. The rapid dome growth, confirmed by the short time scale (some years up to a few decades) between magmatic recharge and eruption, resulted in gravitational instability that subsequently triggered sector collapse of Tutupaca's North-East flank (Samaniego et al. 2015; Valderrama et al. 2016) , generating a debris avalanche and its accompanying pyroclastic density currents.
Conclusions
In order to constrain the pre-eruptive magmatic process at work before the last Tutupaca eruption, we performed a detailed petrological study of the recent Tutupaca erupted products. These samples are chemically homogeneous (63.2-68.0 wt% SiO 2 ), porphyritic (20-35 vol.%) dacites with a mineral assemblage composed of plagioclase, hornblende, biotite, clinopyroxene, and Fe-Ti oxides together with some accessory minerals such as titanite, apatite, and quartz. The phenocrysts from the Tutupaca dacites show common disequilibrium textures such as reverse zonation, resorption zones, and overgrowth rims. These disequilibrium textures suggest a heating process triggered by the intrusion of a hot magma into a dacitic magma reservoir. Based on thermobarometric analysis, the initial temperature of the dacitic reservoir is estimated to be between 703 and 797°C (with an average of 735 ± 23°C) at a pressure of 230 ± 58 MPa, corresponding to a depth range between 7 and 11 km and a water content between 4 and 6 wt%. The few fine-grained mafic enclaves (53-57 wt% SiO 2 ), which are present in the younger dacite domes, give a higher range of temperature between 789 and 921°C (840 ± 45°C). Based on these data, we propose that the recent eruption of Tutupaca was triggered by the recharge of a hotter magma into a highly crystallized dacitic magma reservoir. As a result, the resident dacitic magma was reheated and remobilized by a self-mixing process that include little, if any, physical mixing with the mafic magma. These magmatic processes induced an enhanced dome-growth phase that destabilized the NE flank of the volcano and produced the debris avalanche and its accompanying pyroclastic density currents.
